The optical and magneto-optical properties of Fe nanoparticles with sizes ranging from 2 to 8 nm, embedded in amorphous Al 2 O 3 , are studied as a function of their size and shape. The optical properties were measured using spectroscopic ellipsometry, whereas the magneto-optical properties were determined in two different Kerr configurations: polar and transverse. A generalization of different effective medium approximations is used to describe and analyze experimental data in nanocomposite media. In this generalization, the shapes of the nanoparticles are considered as an input parameter. The optical and magneto-optical parameters show clearly different values as a function of the nanoparticle size. A reasonable agreement between the theoretical calculations and experimental data is found when the average size of the nanoparticles is larger than 4 nm. On the other hand, the experimental and theoretical curves differ for smaller sizes, implying that below 4 nm the optical and magneto-optical constants of the particles deviate from the bulk behavior.
I. INTRODUCTION
There has been a strong effort to investigate the properties of ferromagnetic nanoparticles in recent years. Most of these works were devoted to studying the magnetic interaction between the particles [1] [2] [3] and the modifications of the magnetic properties as a function of size. 4, 5 In most of these works the sizes of the particles were limited to 5-10 nm, a size range within which the intrinsic magnetic properties of the particles are already similar to those of bulk material. Despite this interest, the number of studies of the optical and magneto-optical properties of ferromagnetic nanoparticles is scarce. [6] [7] [8] Nevertheless, the optical and magneto-optical properties are known to be very sensitive to the electronic structure of the materials, and, therefore, they should reflect the changes in the electronic structure of the nanoparticles, if they take place as the size is reduced. In this work the optical and magneto-optical properties of Fe nanoparticles with sizes in the range of 2-8 nm, embedded in an Al 2 O 3 matrix, are studied as a function of size and taking into account their shapes. A generalization of an effective-medium description of the dielectric tensor of nanoparticles embedded in a matrix has been made to treat actual samples where the particles have different shapes and are randomly oriented. Different configurations of the applied magnetic field are also considered. A change in the optical and magneto-optical properties of the particles is observed as the particle size is reduced.
II. EXPERIMENT
Three nominally 18-nm Al 2 O 3 /5͓(2.5 nm Fe:Al 2 O 3 )/ 18-nm Al 2 O 3 ͔/Si films were grown by pulsed laser deposition using an ArF excimer laser beam ͑ϭ193 nm, ϭ20 ns full width at half maximum͒. The laser beam was sequentially focused on the surface of high-purity Al 2 O 3 and Fe rotating targets with an average energy density of 3 J/cm 2 . The films were grown in vacuum (1ϫ10 Ϫ6 mbar) on Si substrates held at room temperature, and placed 32 mm away from the target surface. The number of pulses on the Fe target was varied in order to change the Fe content. The samples produced that way will be referred to from now on as samples A, B, and C, sample A ͑C͒ being the one with the smallest ͑largest͒ Fe content. Further details of the synthesis procedure of the nanocomposite films can be found elsewhere. 9 The samples were characterized by highresolution transmission electron microscopy ͑HRTEM͒ using a film with a sandwich structure of Al 2 O 3 /(Fe nanoparticles in Al 2 O 3 )/Al 2 O 3 deposited on carbon-coated mica substrates grown under equivalent conditions to the multilayers. This was done in order to prevent the overlap of images from the different layers with Fe particles in the transmission electron microscopy analysis. The period and thickness of the different multilayers were obtained by low-angle x-ray reflectometry ͑XRR͒.
The optical properties of the layers containing nanoparticles were studied in the spectral range 1-4.5 eV using a spectroscopic ellipsometer with a rotating polarizer. The measured ellipsometric spectra were interpreted using a multilayer model. The parameters in such a model are the thickness and dielectric function of each layer, in addition to the known sequence of layers forming the structures. To reduce the number of unknowns we have fixed the layer thicknesses to those measured by XRR, and the refractive index of Al 2 O 3 to a reference value previously determined. 10 Thus the only unknowns were the optical functions n and k of the layers containing the Fe nanoparticles. Both spectra, measured at 60°and 70°of incidence, were fitted simultaneously to extract the optical properties of these layers. The magneto-optical characterization was carried out in the polar and transverse Kerr configurations in the spectral range 1.5-4.5 eV. In the polar configuration the magnetic field is applied perpendicular to the plane of the sample ͑along the z direction͒ and the angle of incidence of the light is 5°, the applied magnetic field being of 1.5 T, enough to saturate the samples, as shown in Figs. 1͑a͒-1͑c͒ . The experimentally determined parameters in this configuration are the Kerr rotation and ellipticity.
In the transverse configuration the magnetic field is applied in the plane of the sample ͑along the x direction͒ and perpendicular to the plane of incidence ͑yz plane͒. The applied magnetic field was 0.15 T, which is not enough to reach magnetic saturation in these samples, as shown in Figs. 1͑d͒-1͑f͒. The transverse Kerr data were corrected for saturation using Kerr loops at a fixed wavelength. In this configuration the parameter measured is the variation of the reflectivity of light polarized in the plane of incidence, due to the applied magnetic field, normalized to the reflectivity at zero field. The transverse spectra were taken at two angles of incidence in each sample: 40°and 70°. Figure 2 shows HRTEM planar view pictures of the three samples: A ͓Fig. 2͑a͔͒, B ͓Fig. 2͑b͔͒, and C ͓Fig. 2͑c͔͒. The particles in sample A, Fig. 2͑a͒ have a nearly circular inplane shape with a rather uniform distribution. As the amount of Fe is increased, sample B, some of the particles coalesce, leading to more elongated or cylindrical shapes; with their size also increasing ͓Fig. 2͑b͔͒. In sample C, the coalescence is very important, leading to ramified clusters ͓Fig. 2͑c͔͒. However, the formalism developed in the Appendix considers ellipsoidal particles. The approximation made, in order to apply the theory, considered each of the branches of the clusters as an individual ellipsoid. The validity of this approximation will be discussed below. The mean values of length and breadth for the different samples obtained from these images are given in Table I . XRR measurements were performed in order to determine the thickness of each individual layer in the different samples. As an example, Fig. 3 shows the scan obtained for the sample C together with a layout of the actual structure of the samples. The solid line corresponds to the experimental data, while the dot-dashed line corresponds to a simulation of the experimental results. The difference between the experimental data and the simulation, mainly the broadening of the experimental scan vs. the simulation, is due to inhomogeneities in the multilayer thickness. The average thickness of the nanoparticles layers obtained with XRR is very similar to the size of the particles perpendicular to the growth plane obtained from grazing-incidence small-angle x-ray scattering measurements, 11 and ranges between 1.5 and 3 nm. Therefore, the thickness obtained by XRR can also be identified with the height of the islands. The thickness of the pure Al 2 O 3 layer and the nanoparticle layer are shown in Table II .
III. RESULTS
The local volume fraction of the particles in the layer containing nanoparticles can be obtained using the TEM results and the perpendicular size of the particles, and it varies between 10% and 40% for the different samples. In addition, an independent estimation of the concentration of Fe in the nanoparticles layer can also be made from the XRR data. As the electronic density of the nanoparticles layer is intermediate between that of pure Al 2 O 3 and that of pure Fe, an interpolation between these two values allows one to estimate the Fe concentration, the results obtained being consistent with those from the above-mentioned method. This way, the estimated Fe concentration in the nanocomposite layer was 10%, 30%, and 40% for samples A, B, and C, respectively. These values are also shown in Table I .
The index of refraction n and the extinction coefficient k of the nanoparticles layer for the different samples as obtained from the ellipsometry analysis are given in Fig. 4 . The real part of the refractive index, n ͓Fig. 4͑a͔͒, is similar for samples B and C, decreasing its value for higher energies, while sample A shows a flatter behavior. On the other hand, the imaginary part of the refractive index, k ͓Fig. 4͑b͔͒, shows a decrease when the concentration of Fe in the layer is reduced. Figure 5 shows both the Kerr ellipticity ͓Fig. 5͑a͔͒ and rotation ͓Fig. 5͑b͔͒ for the three characterized samples. The most relevant features in the spectra are the peaks around 4 -4.5 eV for both the rotation and the ellipticity in all the samples that are due to interference effects. As expected, the positions where the interference maxima occur are mainly dependent on the individual thickness of the layers and, as these are very similar in the different samples, the maxima occur at similar positions in energy. The transverse Kerr spectra of the samples measured at 40°and 70°of incidence are shown in Fig. 6 . As in the preceding figure, the most relevant features in the spectra are the peaks around 1.8 eV for the 40°spectrum and 3 eV for the 70°spectrum, which are due to interference effects. In order to demonstrate that those peaks are due to interference effects, Fig. 7 shows how a simulation considering the bulk optical and magneto-optical constants of Fe and amorphous Al 2 O 3 reproduces both the position and intensity of the peaks around 1.7 and 1.9 eV ͑continuous line͒. However, if the thickness of the pure Al 2 O 3 layers are changed to 16 nm, the position of these peaks changes, therefore showing that their origin are interferences.
The transfer matrix formalism 12 has been used in order to obtain the nondiagonal elements of the dielectric tensor. The only unknown parameters of the structure, which are fitted from the experimental data, are the real and imaginary parts of xy of the nanoparticles layer in the polar configuration and the real and imaginary parts of the ratio i yz / zz of the nanoparticle layers for the transverse configuration. The thicknesses of the layers were those obtained in the XRR analysis. On the other hand, the refractive indices are those obtained in the analysis of the ellipsometry data and shown in Fig. 4 . The experimental results obtained this way together with the theoretical calculations are shown in Figs. 8, 9 , and 10 for samples A, B, and C, respectively. The most remarkable features in these figures is that, for every dielectric tensor element, the match between the experimental and theoretical curves is closer when the sizes of the particles studied are larger.
IV. DISCUSSION
In the analysis of the optical and magneto-optical data previously shown, it has been assumed that the layers containing nanoparticles can be treated as layers having an effective dielectric tensor. This is a good approximation because of the small size of the particles in the three samples when compared to the wavelengths used in the experiments. This effective dielectric tensor depends on the dielectric tensor of the particles and the matrix and on the shape of the particles. In the Appendix, the expressions used in this work for the different elements of the effective dielectric tensor are derived for both polar and transverse configurations. The system is considered to consist of particles with ellipsoidal shapes with two of their principal axes in the film plane but randomly oriented, which corresponds to the actual structure of the samples. In order to calculate the elements of the dielectric tensor theoretically, several parameters must be used. The elements of the dielectric tensor used were those of bulk Fe ͑Ref. 13͒ and amorphous Al 2 O 3 . 10 The shape factors, L i , were calculated according to Ref. 14 ͑see Table I͒ from the mean values of lengths and breadths and heights indicated above. As a first approach, in order to simplify the analysis, it has been considered that all the particles in the different samples have the same shape, that is, ellipsoids with equivalent a/b and a/c ratios, a, b, and c being the ellipsoids axes. The value for the Fe concentration in the effective layers was that obtained from the XRR measure- ments and presented in Table I . With these values it is possible to calculate the diagonal and off-diagonal elements of the effective dielectric tensor according to formulas derived in the Appendix. The results are summarized here for the two approximations used, self-consistent and perturbative, respectively.
It is clear that none of the simulations follows the experimental curves for sample A ͓Figs. 8͑a͒-8͑f͔͒, for which the particles have average dimensions around 2 nm. There is no match between the experiment and model for any of the components of the dielectric tensor, the difference being particularly noticeable for xx . In the case of sample B ͓Figs. 9͑a͒-9͑f͔͒, the agreement is better, especially regarding the spectral shape, although it is still far from being good. For sample C ͓Figs. 10͑a͒-10͑f͔͒, the agreement of the experimental data with the self-consistent approach is much more reasonable than the perturbative approach, especially if only the experimental trends are considered, although it is still not satisfactory. In this point, it should be noted that the selfconsistent approach leads to theoretical curves that are much closer to the experimental results than those resulting from the perturbative solution. For low concentrations, both theories yield similar results as observed in the simulations performed for sample A.
There are several possibilities that could account for the difference between the experimental and theoretical results. First, the magnetic particles in the samples have been modeled as all having the same shape; this approach is true for the sample A, but not for the other samples. To illustrate the influence of particles having different shapes, simulations considering more than one shape have been performed under the self-consistent approach which is more accurate. However, in the present case, for the experimentally determined shapes, the difference between considering one or more shapes leads to very similar results and therefore, the presence of different shapes is not able to explain the spectral differences observed.
Up to this point, it has been considered that the alumina is pure, both in the Al 2 O 3 and in the composite layers. However, the Fe atoms may be incorporated into the Al 2 O 3 layer during deposition not only in the form of particles, but might also be dissolved throughout the film. The main effect of this incorporation of the Fe into the Al 2 O 3 matrix as a dopant is an increase of the refractive index with respect to that of the pure Al 2 O 3 matrix. The effect that such an increase has on the dielectric tensor is presented in the dotted lines of Figs. 10͑a͒-10͑f͒ for sample C. In this case, the refractive index of the Al 2 O 3 matrix, n, has been increased by 0.3. As can be observed the agreement between theory and the experimental results is better, particularly in xx , which points to the presence of dissolved Fe in the alumina layer. However, the agreement is not good even for this sample, indicating that other structural factors, such as possible inhomogeneities not considered in this analysis, are still present. It should be noted here that the approximation by which the clusters in sample C were decomposed in individual ellipsoids is correct, as this is sample that shows a better agreement between theory and experiment.
Provided that the Fe nanoparticles are embedded in Al 2 O 3 , one must discuss the possibility of an Fe oxide shell being formed around the Fe nanoparticles. In Ref. 9 it was found, according to magnetization measurements, that the maximum thickness of an Fe shell formed around the Fe nanoparticles should be around 0.4 nm, that is, around 2-3 atomic layers. In that work, it was established that the core of the Fe nanoparticles was ␣-Fe and the shell a nonmagnetic Fe oxide. That estimation was performed under the hypothesis that there was no Fe dissolved in the Al 2 O 3 matrix. However, as discussed above, there seems to be a certain amount of Fe dissolved in the Al 2 O 3 matrix, therefore implying that the maximum thickness for the Fe oxide shell is under three atomic layers.
However, none of the possibilities already discussed improves the agreement between theory and experiment for sample A. On the other hand, for sample B, and even to a greater extent for sample C, there is a better agreement between theory and experiment, that is, the agreement improves for larger particle size. This suggests that the optical and magneto-optical properties of particles with sizes below 3-4 nm deviate from those of bulk Fe. This result agrees with the observed behavior of the enhanced magnetic moments in free-standing Fe particles. 15 Also, modifications of the band structure have been reported in Cu particles 16 and in the optical properties of Cu/Pt particles 17 of similar sizes to the Fe particles reported here.
The different elements of the dielectric tensor are not all affected in the same way: the nondiagonal elements suffer some changes induced by modifications in the electronic structure of the particles, but the most dramatic changes appear in the diagonal tensor elements. In particular, this can be observed for sample A, where the largest discrepancy between theory and experiment is in xx . A similar observation was also reported in Ref. 18 , where the influence of a distortion in Fe thin films was found to have a more noticeable effect on the diagonal elements of the conductivity tensor than on the nondiagonal elements.
Finally, it should be noted how the theoretical models developed in this work are able to reproduce electromagnetic resonances associated to the plasmons. For example, in sample A ͓see Fig. 8͑b͔͒ , the imaginary part of xx increases at higher energies, while in bulk Fe it decreases as it does in Fig. 10͑b͒ , where the Fe concentration in the nanoparticles layers is around 40%. This increase is characteristic of plasmonlike resonances. It can be shown that if the matrix refractive index is increased, the peak associated with this plasmon resonance shifts to lower energies.
V. CONCLUSIONS
A set of multilayers with embedded Fe particles in the nanometer range has been grown and studied both structurally, optically and magneto-optically. The magneto-optical characterization was performed both in the polar and transverse configurations. In the different samples, the Fe concentration and the shapes and sizes of the nanoparticles have been varied. A theory, generalizing the classic MaxwellGarnett and Bruggeman approaches, has been derived in order to consider the shapes of the particles, and tested in these systems. ) has been calculated theoretically and experimentally determined. For particle sizes larger than 4 nm, the match between the theoretical calculations and the experimental curves is reasonable. However, below that size, the experimental and theoretical curves show larger discrepancies and for the smallest particles studied, around 2 nm in diameter, their optical and magneto-optical experimental and theoretical curves show the maximum discrepancies. This evolution strongly suggests that the optical and magnetooptical properties of nanometer size particles and, therefore, their electronic structure, deviate from the bulk behavior when their dimensions are below 4 nm. 
APPENDIX
The optical properties of a composite material having particles randomly distributed with dimensions much smaller that the wavelength of light can be described using an effective-medium approximation. In this, the optical properties of the material are described by an effective dielectric tensor e , which depends on the dielectric functions of the matrix and particle material, concentration and shape of the particles through following relation 19 ,20
where ␦ϭ(r)Ϫ 0 , (r) is the dielectric function of the matrix or particle material, 0 is an arbitrarily defined reference dielectric tensor, the brackets denote a volume average, and ⌫ is a tensor which depends on the shape of the particles. The choice of 0 determines the approximation used. Two cases will be considered. In the first one, 0 is taken equal to e , a self-consistent solution known as Bruggeman approximation, whereby Eq. ͑A1͒ is then reduced to
͗͑1Ϫ␦⌫͒
Ϫ1 ␦͘ϭ0.
͑A2͒
In the second case 0 is taken equal to the matrix dielectric tensor m , a perturbative approach known as the MaxwellGarnett approximation. Let us consider the case of a composite material made of a nonmagnetic matrix with an isotropic dielectric tensor m and magnetic particles embedded in it. The magnetic material has the following dielectric tensor if it is fully magnetized along the x direction:
This is, for example, the case of Fe if the very small difference between the xx and yy components, proportional to the square of the magnetization, is neglected. In an analogous way, when the magnetization is along the z direction,
It will be assumed that if the particles of the composite material are fully magnetized along the x direction the effective dielectric tensor can be written as The theory will be developed for particles with ellipsoidal shapes, with two of the three principal axes lying in the xy plane and randomly oriented. In that case the expressions for the different components of the dielectric tensor can be easily obtained and will be given for the two solutions already discussed. Quadratic terms in ␦ will be neglected. In the following, the superscripts and subscripts m and i will refer to the matrix material and to the different shapes of the magnetic material͑s͒, respectively. On the other hand, f i corresponds to the volumic fraction of particles with an ellipsoidal shape i. For the nondiagonal elements in the transverse configuration,
